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Abstract:  
 Important questions remain about the role preexisting structures play on the 
development of magma poor rifts. The influence of preexisting pervasive upper crustal 
fabrics on the development and evolution of faults is poorly understood. In Malawi two 
large (>100 km) synthetic normal faults the Chirobwe-Ncheu and Bilila-Mtakataka faults, 
were analyzed for the effect of pervasive fabrics on fault segment and linkage. We used 
Shuttle RADAR Topography Mission Digital Elevation Models (SRTM DEM) and high 
resolution aeromagnetic data to determine fault segmentation from both topographic 
displacement profiles and Source Parameter Imaging (SPI) depths. Moreover, the 
combination of SRTM DEM and aeromagnetic data allowed for the delineation of the 
upper crustal pervasive fabrics. Our results show that each fault is broadly composed of 
three segments. The location and orientation of the fault segments are affected by the 
gneissic fabrics where the foliations are perpendicular to extension direction. 
Furthermore the combination of the regional joints and the gneissic fabrics control the 
geometry of the linkage zones. The lengths and segmentation for each of these faults 
established by this study have an important relationship to the seismic hazard for the 
region. Finally, our research shows that the faults exhibit characteristics of two models of 
fault growth where the type of growth is modulated by the pervasive upper crustal 
inherited fabrics. Therefore, our work demonstrates the effects that preexisting pervasive 
fabrics may exert on the development, evolution, and linkage of segments in two large 
faults in a magma poor rift.  
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CHAPTER I 
 
 
INTRODUCTION 
 
An important question in tectonics is, how crustal fault networks evolve within 
continental rifts. Specifically, how faults in continental rifts evolve without a significant 
contribution of magma to the thinning of lithosphere (Dunbar & Sawyer, 1989; Kendall & 
Lithgow-Bertelloni, 2016). In magma-poor continental rifts, such as the Western Branch of the 
East African Rift System (EARS), previous studies suggest that pre-existing structures play a 
significant role in rift evolution (e.g. Daly et al., 1989; Versfelt & Rosendahl, 1989; Fossen et al., 
2000; Morley, 2010; Katumwehe et al., 2015; Fossen & Rotevatn, 2016). Lithospheric structures 
such as mobile belts and discrete structures like preexisting suture zones, shear zones, or faults 
are known to facilitate strain localization (e.g. McConnell 1972; Daly et al., 1989; Holdsworth et 
al., 1997; Chorowicz, 2005; Misra & Mukherjee 2015; Phillips et al., 2016; Dawson et al., 2018; 
Kolawole et al., 2018). Even within individual magma-poor rifts, discrete inherited structures 
have been suggested as the cause for rift scale segmentation and geometry (Ring, 1994; Aanyu & 
Koehn 2011; Laó-Dávila et al., 2015; Mortimer et al., 2016; Kolawole et al. 2018). 
The effect of penetrative or pervasive inherited upper crustal fabrics (i.e. closely spaced 
small structures found throughout a region) on the development and evolution of faults has been 
demonstrated in models (e.g. Morley 1999; Corti et al., 2007; Henza et al., 2011; Chattopadhyay  
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& Chakra 2013; Misra & Mukherjee 2015; Zwaan et al., 2016; Zwaan & Schreurs 2017). Analog 
modeling has shown that favorably-oriented weak structures (i.e. strike perpendicular to 
minimum compressive stress) preferentially accommodate slip or are reactivated instead of 
forming new faults (Corti 2012; Chattopadhyay & Chakra 2013; Zwaan & Schreurs 2017). 
Furthermore, studies have demonstrated that pervasive inherited weak fabrics oblique to 
extension by as much as 45-60° may still accommodate slip (Morley et al., 2004; Chattopadhyay 
& Chakra 2013; Zwaan et al., 2016).  Additionally, in terrains with pervasive fabric, the local 
maximum horizontal stress may be reoriented due to the strength anisotropy of gneissic foliations 
producing oblique faulting and linkages that develop with the same strike as the preexisting fabric 
(Morley et al., 2004; Morley, 2010; Zwaan & Schreurs 2017).  Examples of these processes in 
natural field settings have been observed in the Malawi Rift and Thailand (Ring 1994; Morley 
2010).  
Nevertheless, uncertainty remains about the effects of these pervasive pre-existing 
structures and their influence on the propagation and linkage of fault segments during the 
evolution of a fault. In particular, questions remain about how the orientation and location of 
pervasive Precambrian gneissic foliations and regional joints influence the orientation of new 
normal faults and the location or geometry of linkage zones in rift systems. 
Answering the question of how faults grow and evolve is important with implications for 
many fields in geology.  Trudgill & Cartwright (1994) proposed a fault growth model where 
independent fault segments grow by linking with a progression from soft linkage (ductile 
deformation connecting fault segments) to hard linkage (brittle deformation connecting fault 
segments). In contrast, another fault growth model predicts the fast establishment of fault length 
before significant displacement (Walsh et al., 2003). Paton (2006) documented pervasive 
inherited structures perpendicular to extension that localized strain such that the faults followed 
the Walsh et al. (2003) type growth. Additionally, linkage geometry, due to the sensitivity of fault 
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tips to the local stress field, has also been suggested to be influenced by pervasive inherited 
structures (Trudgill & Cartwright 1994; Kinabo et al., 2008; Fossen & Rotevatn, 2016). Other 
work using modeling of Coulomb stress and fault linkage have shown that the existence of 
preexisting structures exerts an important control on the geometry of fault linkage (Hodge et al., 
2018). Still, not much is known about these relationships for natural faults and how the pervasive 
inherited structures can affect the propagation of faults, impacting the nature of fault growth and 
evolution, which has a direct relationship to the potential for large magnitude earthquakes.  
This study addresses the role of multiple pervasive inherited structures in influencing 
both the segmentation and the linkage of two >100 km long faults in the Malawi Rift: The 
Chirobwe-Ncheu and Bilila-Mtakataka faults. We document the gneissic Precambrian basement 
fabric and regional joints within the fault area using a combination of Shuttle RADAR 
Topography Mission (SRTM) Digital Elevation Model (DEM) data and for the first time in this 
region, high-resolution aeromagnetic data. These data allowed us to image the upper crustal 
structure of the basement fabric. In addition, we collected mesoscale structural data to verify the 
structural interpretations derived from remote sensing. This work proposes a new model for fault 
growth influenced by inherited fabrics which resulted in the formation of these >100 km long 
faults in the Malawi Rift. 
. 
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CHAPTER II 
 
 
TECTONIC SETTING 
 
The Malawi Rift 
The Malawi Rift represents the southern portion of the Western Branch of the East 
African Rift System (EARS; Figure 1; Chorowicz & Sorlien, 1992; Ring, 1994; Laó-Dávila et al., 
2015). The Malawi Rift extends from Tanzania’s Rungwe Volcanics to Mozambique’s Urema 
Graben and is composed of northern, central, and southern rift segments (Ebinger et al., 1987; 
Laó-Dávila et al., 2015). The Malawi Basement Complex is Precambrian to lower Paleozoic in 
age and dominantly composed of paragneisses and granulites (Warshaw 1965; Dawson & 
Kilpatrick 1968; Thatcher 1969; Walter 1972). The age of the Malawi Rift is poorly constrained 
with dates ranging from 30 to 8 Ma from fission track dating and radiometric dating of volcanics, 
respectively (Ebinger et al., 1993; Van der Beek et al., 1998). The last major magmatic event 
occurred during the Cretaceous predating the onset of rifting (Ring, 1994). Currently, volcanic 
activity is constrained only to the Rungwe province which is at the northern extent of the Malawi 
Rift (Specht & Rosendahl, 1989). The Malawi Rift is broadly segmented into the Northern, 
Central, and Southern sections controlled by the lithospheric heterogeneities (Laó-Dávila et al., 
2015). The Northern section is further segmented by half grabens which reverse polarity at 
approximately 100 km intervals (Daly et al., 1989; Specht & Rosendahl, 1989; Laó-Dávila et al.,  
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2015). The Central and Southern sections are defined by grabens, with less extension. In the 
Malawi Rift, the border faults are responsible for accommodating most of the extension (Ebinger 
et al., 1999). The modern rift has a regional E-W extension as seen from GPS data; however, 
focal mechanisms and kinematics suggest a local ENE-WSW extension with a rate of 1.5–2.2 mm 
per year (Figure 2; Delvaux & Barth, 2010; Fagereng, 2013; Saria et al., 2014; Stamps et al., 
2018). 
 
Figure 1: A) Tectonic map of the East African Rift System. B) Shuttle Radar Topography mission map 
showing a Digital Elevation Model of the Malawi Rift, country boundaries, and major towns. The black 
rectangle is the study area. 
 
In Malawi some studies suggest that the Post-Proterozoic tectonic events caused regions 
of weakness which are affecting the modern rifting process (Piper, 1989; Versfelt & Rosendahl, 
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1989; Ring, 1994; Mortimer et al., 2016). Lithospheric scale inherited heterogeneities, such as 
Precambrian terrains and shear zones, are responsible for rift scale segmentation (Laó-Dávila et 
al., 2015; Mortimer et al., 2016; Kolawole et al., 2018).  
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Figure 2: Earthquake epicenters near the study area as recorded by the earthquake catalog of the National 
Earthquake Information Center (NEIC). The two focal mechanisms where produced by the USGS 
Earthquake Hazards Program for the 6.2 Mb Salima seismic event of March 1989. The focal mechanisms 
support the NNE-SSW extension in this area. 
 
The Chirobwe-Ncheu and Bilila-Mtakataka Fault Area  
Our study area lies in the Central and Southern sections of the Malawi Rift (Figure 1; 
Laó-Dávila et al., 2015). The geology of the area is composed of Precambrian paragneisses 
characteristic of the Malawi basement complex and charnockitic granulites (Figure 3; Walshaw 
1965; Dawson & Kilpatrick 1968; Thatcher 1969; Walter 1972). The gneissic foliations have a 
NNW strike in the south that changes to a NE strike in the north (Walshaw 1965; Dawson & 
Kilpatrick 1968; Walter 1972). From north to south, there is a WNW regional jointing pattern 
(Walshaw 1965; Walter 1972). The Cretaceous to upper Jurassic aged felsic dikes and quartz 
veins cut the Precambrian rocks (Walshaw 1965; Thatcher 1969; Walter 1972). 
The study area is dominated by two east-dipping normal faults that follow the same 
general orientation as the preexisting gneissic fabrics (Walshaw 1965; Dawson & Kilpatrick 
1968; Thatcher 1969; Walter 1972; Figure 3; Figure 4). The two faults are the outer and western 
Chirobwe-Ncheu Fault and inner Bilila-Mtakataka Fault (Jackson & Blenkinsop, 1997). The 
Chirobwe-Ncheu Fault is approximately 96 km long, has a NW strike, and scarp height of 300-
1000 m (Jackson & Blenkinsop, 1997). Jackson and Blenkinsop (1997) suggests that the 
Chirobwe-Ncheu may be composed of three segments. In the southern and central areas, the 
Chirobwe-Ncheu Fault strikes parallel to the NW striking gneissic foliations except in the north 
where the fault turns to follow a NE striking foliation (Walshaw 1965; Dawson & Kilpatrick 
1968; Thatcher 1969). 
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Figure 3: Geologic map of the study area overlaying an SRTM DEM (modified from Bloomfield & Mason, 
1996). Structural information is from the Geologic Survey Department of Malawi (1998). 
 
The Bilila-Mtakataka Fault is at least 100 kilometers long, with a 4.5-434 m high fault 
scarp, and a potential depth of 30 km due to deep seismicity and low heat flow in this area 
(Walshaw 1965; Thatcher 1969; Jackson & Blenkinsop, 1997; Ebinger et al., 1999; Fagereng, 
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2013; Njinju, 2016). In the southern part, the Bilila-Mtakataka Fault follows the gneissic 
foliations striking NNW until it turns to follow the joints with a WNW strike after which the fault 
continues to follow the foliations in the central region of the study area (Walshaw 1965; Dawson 
& Kilpatrick 1968; Thatcher 1969). The northern terminus of the Bilila-Mtakataka remains 
poorly constrained (Dawson & Kilpatrick 1968; Thatcher 1969; Jackson & Blenkinsop, 1997).  
 
Figure 4: Photo looking to the south along the east dipping Chirobwe-Ncheu Fault scarp. To the left is the 
smaller Bilila-Mtakataka Fault scarp. 
 
Lithospheric Structure in the Fault Area 
Njinju (2016) used radially averaged 2D power spectrum of satellite gravity data to 
suggest the existence of a Niassa Craton due to thicker crust and asthenosphere depths to the west 
of our study area. Magnetotelluric and high-resolution aeromagnetic data suggest that for the 
same area the lithosphere of the Southern Irumide Belt is ~250 km deep, supporting the existence 
of a Niassa Craton (Sarafian et al., 2018). The deep seismicity (~40 km) reported by Yang & 
Chen (2010), Craig et al., (2011) and Fagereng, (2013) suggest a deep brittle crust which may be 
evidence for the existence of a Niassa Craton. If the Niassa Craton exists, then both the 
Chirobwe-Ncheu and Bilila-Mtakataka faults may be located at the edge of the craton. Thus, the 
formation of the faults may be the result of strain localization along the edge of the craton. 
 
Seismic Hazard  
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Earthquakes in Malawi happen predominantly along the border faults of the rift, however 
there is also seismicity happening in the hanging wall (Chapola & Kaphwiyo, 1992; Biggs et al., 
2010; Kolawole et al., 2018). Most seismicity is 10-20 km deep, however, seismicity 30-40 km 
deep has been recorded in southern Malawi (Biggs et al., 2010; Yang & Chen 2010; Craig et al., 
2011; Fagereng, 2013). The maximum depth for seismicity is 44 km ± 4 (Yang & Chen 2010; 
Craig et al., 2011; Fagereng, 2013). It is well understood that the geometry of a fault governs the 
seismic potential; therefore, the >100 km large Chirobwe-Ncheu and Bilila-Mtakataka faults have 
a potential to produce large magnitude earthquakes (Jackson & Blenkinsop, 1997; Craig et al., 
2011; Fagereng, 2013; Hodge et al., 2015). The Bilila-Mtakataka in particular has been suggested 
to potentially yield a magnitude 8.0 earthquake (Jackson & Blenkinsop, 1997; Craig et al., 2011; 
Fagereng, 2013; Hodge et al., 2015). The seismicity for the study area recorded by the USGS has 
been plotted in Figure 2.  
 
11 
 
CHAPTER III 
 
 
METHODOLOGY 
 
Shuttle Radar Topography Mission Data and Processing  
In our study we used Shuttle RADAR Topography Mission (SRTM) one-arc-second data 
from NASA which has spatial resolution of 30 m and a vertical accuracy of approximately 5 m 
for Africa (Mukul et al., 2015; Rodriguez et al., 2006). The SRTM data was processed in 
Environment for Visualizing Images (ENVI) software to generate hill-shaded Digital Elevation 
Models (DEM) used to delineate the faults and topographically expressed basement lineaments. 
Arc GIS’s Arc Map was used to extract topographic profiles offset at a constant 1 km interval and 
oriented perpendicular to each fault. Those profiles were used to determine the fault throw at the 
1 km sampling interval with the assumption that the topography was the result of rifting. We then 
assumed fault dips of 60° as predicted by Andersonian type normal faulting to calculate the 
minimum apparent displacement following the methods of Muirhead et al. (2016). These 
minimum apparent displacement plots are subsequently referred to as simply displacement 
profiles. We used the displacement profiles to establish the segmentation of the Chirobwe-Ncheu 
and Bilila-Mtakataka faults. Segmentation is defined as kinematically distinct portions of a larger 
fault represented by smaller independent faults with distinct displacement trends (Trudgill & 
Cartwright, 1994; Walsh et al., 2003). The profiles were qualitatively smoothed by removing high  
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frequency low displacements to better reflect a surface less affected by weathering. Then we 
looked for peaks in displacement bound on both sides by low displacement similar to the ideal 
displacement profile for a fault (Figure 5). Using this method, we established a first order 
segmentation for each fault. Once the length of the faults had been established, both the fault 
strikes and SRTM DEM derived lineament orientations where extracted with Arc GIS. The 
orientations were plotted in rose diagrams using the Stereonet 9 program (Allmendinger et al., 
2012; Cardozo and Allmendinger, 2013). 
  
Figure 5: An idealized displacement model 
showing the evolution through time of linkage 
between two segments (Kim & Sanderson, 
2005). T1 is the earliest stage with both 
segments having distinct and independent 
displacement profiles with no linkage. T2 is the 
soft linkage between the two segments as they 
begin to link to one another yielding asymmetric 
profiles. T3 is the final stage showing the two 
segments hard linked together with a single 
displacement profile for both original segments. 
 
Aeromagnetic Data and Processing 
The high resolution aeromagnetic data of Malawi was collected by the Malawi Ministry 
of Mining in 2013. The flight lines had an orientation of NE-SW with a line spacing of 250 m and 
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control lines were oriented NW-SE with a line spacing of 5000 m. The flight was conducted 
using a draped flight height of 60 m.  
A grid cell size of 50 m was used in our study. The aeromagnetic data was first reduced 
to pole. The process of reduction to pole transforms the magnetic data so that it acts as a vertical 
vector and corrects the spatial location of magnetic anomalies (Baranov 1957). We then applied 
derivative filters to accentuate the magnetic features. The tilt derivative, which is the vertical 
derivative divided by the total horizontal derivative of the magnetic field (Miller & Singh, 1994), 
was calculated to delineate the magnetic fabric as shown by Oruç & Selim (2011).  Arc GIS was 
then used to extract the orientation of the lineaments derived from the tilt derivative using the 
identical method used for the SRTM lineaments.  
Source Parameter Imaging (SPI) is a method for estimating depth using a depth model 
derived from the wavenumber of the analytic signal (Thurston & Smith, 1997). SPI gives the 
depth to the magnetic source; however, SPI is known to be sensitive to noise (Thurston & Smith, 
1997). SPI has been reported to have an accuracy of ±20% by Oasis Montaj. SPI acts as a proxy 
for segmentation because along a normal fault the expected depth will be deeper for the hanging 
wall than the footwall and the variations in depth of the hanging wall will reflect the general 
segmentation of the fault. The spatial distribution rather than the absolute magnitude of the SPI 
predicted depth can be used as a proxy for displacement to support the segmentation of the 
displacement profiles derived from SRTM DEM. 
 
Mesoscale Structural Data 
Structural information was collected from foliations, dikes, and joints at various outcrops 
along roads and streams to verify the orientations observed with remote sensing. The data was 
grouped based on the type of structure to facilitate an understanding of which structures are 
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affecting the faults (Figure 6). The data was collected in July of 2017 using a Brunton Compass 
and plotted as stereographic projections using Stereonet 9. 
 
Figure 6: SRTM DEM of the study area showing regions and sites where mesoscale data were collected 
(red circles). Stereographic projections show poles to foliations, dikes, and joints for each region. The 
average strike for both Chirobwe-Ncheu (blue diamond) and Bilila-Mtakataka (red diamond) faults is 
shown with an assumed ideal Andersonian 60° dip to the east. 
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CHAPTER IV 
 
 
RESULTS 
 
Displacement Profiles, Segmentation, and Linkage of the Border Faults 
Our first step was to characterize the segmentation of each fault. The displacement 
profiles Figure 7 shows that the Chirobwe-Ncheu Fault has a length of 102 km as measured along 
the length of the fault scarp. The average displacement is 430 m with a minimum of 12 m and a 
maximum of 1137 m. The Chirobwe-Ncheu Fault can be broken into three segments CN1, CN2, 
and CN3. The segments CN2 and CN3 are characterized by high displacement (>700 m). In 
contrast, the southern segment CN1 has low displacement (<400 m). Segment CN1 is connected 
to the north to CN2 by linkage zone CN1-2 with a displacement of ~75 m. Segments CN2 and 
CN3 are connected by a linage zone CN2-3 with ~385 m displacement. Segment CN2 has an 
asymmetric displacement profile which is skewed to the north. Segment CN1 has a D shaped 
profile and CN3 has a well formed D shaped displacement profile typical of an ideal independent 
fault segment.  
The Bilila-Mtakataka Fault has a length of 159 km measured along the fault scarp length. 
This fault has an average displacement of 187 m, a minimum of 16 m, and a maximum of 627 m. 
The fault can be divided into three segments (Figure 7) based on the ideal form of a displacement 
profile (Figure 5). Linkage BM1-2 is a relative low between two peaks with ~140 m of  
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Figure 7: Displacement profiles and segmentation for both the Chirobwe-Ncheu and Bilila-Mtakataka 
faults calculated from SRTM DEM topographic profiles. The profiles where collected at 1 km offset and 
perpendicular to the fault scarp. The blue areas represent a proposed eroded surface.  The segments are 
named according to fault and numbered from south to north. 
displacement. Linkage BM2-3 has the lowest displacement of ~25 m. The southernmost segment 
BM1 is skewed slightly to the north. The segment BM2 is asymmetrically skewed to the south. 
BM3 has a well formed D shaped symmetrical displacement profile with maximum displacement 
in the center and decreasing displacement towards the segment tips. 
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The displacement profiles were used to constrain the end points of the faults (Figure 8; 
Figure 9). The lateral variation in strike for each of the faults was plotted in rose diagrams (Figure 
10). For our study area, we divided it into three regions: the southern Region A, the central 
Region B, and the northern Region C. In Region A, the Chirobwe-Ncheu and Bilila-Mtakataka 
faults have diffuse distribution of fault strikes with a general NW strike. In Region B, both the 
Chirobwe-Ncheu and Bilila-Mtakataka faults have a consistent NW strike.  In Region C, the 
Chirobwe-Ncheu Fault has a wide distribution with an overall NE strike. The Bilila-Mtakataka 
Fault however, has a wide distribution of strikes ranging from NW to N. 
The surface expression of the inherited structures were traced as lineaments from the 
SRTM DEM data in red and plotted in rose diagrams (Figure 9; Figure 10). In Region A, the 
lineaments had four dominant orientations: WNW, NW, N-S, and NNE. In Region B, the 
lineaments had a prevailing E-W strike with two other minor strikes to the NW and NNE. In 
Region C, the rose diagram shows lineaments striking to the WNW and to the NE. The 
lineaments represented as peaks in the rose diagrams were interpreted as either joints or 
foliations. 
18 
 
 
Figure 8: The segmentation from the displacement profiles represented in map view overlaying the SRTM 
DEM. 
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Figure 9: Lineament map of the study area. Red lineaments were mapped from the SRTM DEM. Blue 
lineaments were mapped from aeromagnetic data. 
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Figure 10: Lineament map of the study area. Red lineaments were mapped from the SRTM DEM. Blue 
lineaments were mapped from aeromagnetic data. A1, B1, and C1 are rose diagrams for trends of 
lineaments interpreted as foliations and joints. A2, B2, and C2 are rose diagrams for strike of each fault. 
The strike of the faults was taken from breaking the SRTM DEM fault traces at the line vertexes and 
computing the orientation for each of these segments. 
 
Aeromagnetic Results 
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Figure 11: A map of SPI overlain by a SRTM DEM. The blue represents a shallow depth to magnetic 
source. The green corresponds to a larger depth to magnetic source and red is the greatest depth to magnetic 
source. Segmentation derived from the displacement profiles are shown to better facilitate comparison 
between the two data sets.  
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The SPI predicted depths for the area are shown in Figure 11. In general, the SPI map 
shows deeper anomalies to the east of the Chirobwe-Ncheu and Bilila-Mtakataka faults. In the 
south, the Chirobwe-Ncheu Fault has diffuse depth anomalies with a NW trend. The central and 
northern areas of the fault (CN2 and CN3) has clearly defined deep anomalies separated by a 
relative high between them. This relative high (shallower depth to magnetic basement) 
corresponds well to the linkage regions CN2-3 and BM1-2 mapped from the SRTM DEM 
displacements. At the northern end of the Chirobwe-Ncheu Fault there is a broad deep (~4000 m) 
magnetic depth anomaly. The southern portion of the Bilila-Mtakataka Fault has shallow depths 
in the SPI map. The central region of the fault is characterized by an anomaly that is spatially 
larger in the south and decreasing to the north. This trend of deeper depths in the south which 
decreases northward is also reflected in segment BM2 in the displacement profiles. In the 
northern region the SPI depths have deep anomalies with NE trends. 
The tilt derivative of the aeromagnetic data (Figure 12) was used to map the subsurface 
basement structures like the gneissic fabrics of the Malawi basement complex, which are not well 
expressed in the SRTM DEM. The tilt derivative delineated folds, gneissic fabrics, and a circular 
granite body. The magnetic lineaments mapped from the tilt derivative map is shown as blue in 
Figures 9 and 10. The rose diagrams represent the trends of the magnetic lineaments. In Region 
A, the magnetic lineaments have two orientations NW and NNW. In Region B, the lineaments 
have a noncontiguous NW strike. In Region C, the magnetic lineaments have a NE strike. The 
general trend of the magnetic lineaments changes from NW in Region A to NE in the Region C 
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Figure 12: Aeromagnetic tilt derivative map for the study area. The negative colors (Green, Cyan, and 
Blue) are west dipping and the positive colors (Orange, Red, and Pink) are east dipping. Yellow represents 
the zero contours. 
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Mesoscale Structures 
Mesoscale structures were documented throughout the study area (Figure 13). The 
orientations of mesoscale structures are shown in Figure 6 with the average strikes for both 
Chirobwe-Ncheu and Bilila-Mtakataka faults for each region.  The foliations have a NNW strike 
and NE dip in Region A, N-S strike and E dip in Region B, and a NE strike with a SE dip in 
Region C. The dikes have a NW strike in Region A, E-W strike and S dip in Region B, and a NE 
strike and SE sip in Region C. The joints have no clear dominant orientation in this data set.  The 
mesoscale structures reveal in Region A that the strike of the foliations and the faults are similar. 
The strike of the dikes and joints has a general E-W orientation and no relationship to the fault’s 
dominant strike.  Within Region B, the foliations and the faults continue to have a similar strike. 
In Region C, the foliations and strike of the Chirobwe-Ncheu Fault have a similar orientation, 
however, the strike of the Bilila-Mtakataka Fault is to the NW. 
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 Figure 13: Photographs of mesoscale structures in the study area. A) Orthogonal joints. B) Conjugate 
normal faults. C) Felsic dikes. D) Gneissic foliations typical of the Malawi Basement complex. 
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CHAPTER V 
 
 
DISCUSSION 
 
Interpretation of Structural Lineaments 
The orientation of the aeromagnetic lineaments corresponds with the orientation of 
gneissic foliations we mapped from outcrops (Figure 6) and those documented by Walshaw 
(1965), Dawson & Kilpatrick (1968), Thatcher (1969), Walter (1972), the Geologic Survey 
Department of Malawi (1998), and Hodge et al., (2018). The SRTM DEM reveals both 
topographically expressed gneissic fabric and jointing patterns. Some of the ridges in the SRTM 
DEM parallel the gneissic fabric of the area documented in the aeromagnetic data, mesoscale 
structures, and maps of the Geologic Survey Department of Malawi (1998). Additionally, the 
gneissic foliations have been shown to influence faulting and lead to the developing of stepping 
or en échelon fault segments (Kolawole et al., 2018; Muirhead & Kattenhorn 2018). The 
continued development of these segments would lead to the development of a fault system which 
follows closely the gneissic foliations we see in the study area. Additionally, the other SRTM 
DEM lineaments correspond to the jointing patterns documented by Walshaw (1965), Dawson & 
Kilpatrick (1968), Thatcher (1969), and Walter (1972). The lineaments that represent the jointing 
patterns were interpreted as such because they have no vertical displacement, have a spatially 
constant strike characteristic of joints which have developed in a single stress regime, and these  
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lineaments correspond to the joint sets described by Walshaw (1965), Dawson & Kilpatrick 
(1968), Thatcher (1969), and Walter (1972). The existence of the joints exhibiting the same 
orientation outside the study area and distally located to the Cenozoic rifting suggests that these 
fractures are preexisting to the modern rift and possibly related to the Karroo Rifting of late 
Paleozoic to early Mesozoic age. 
 
The Chirobwe-Ncheu Fault 
The southernmost segment of the Chirobwe-Ncheu Fault (CN1) is characterized by low 
displacement and a D shaped symmetrical displacement profile (Figure 7). The SPI does not 
show any significant displacement in this area (Figure 11). This small fault segment may 
represent an independent fault which has recently linked to CN2. In this area the mesoscale 
structure data, SRTM lineaments, and the aeromagnetic lineaments have the same strike of the 
fault segment suggesting that the orientation of this segment resulted from the gneissic foliation. 
The presence of a low displacement fault segment and the segment formation parallel to the 
gneissic fabrics are suggestive that CN1 is a Walsh et al. (2003) type fault segment which 
propagated along the gneissic foliations achieving a long length before experiencing significant 
displacement. The linkage of CN1 and CN2 is a soft linkage between a small distinct fault and the 
northern segments which have higher displacement and constitute the majority of the Chirobwe-
Ncheu Fault.  
The central segment CN2, has an SPI and displacement profile that suggest ~1000 m of 
displacement.  CN2 has an asymmetric displacement profile which is skewed to the north. CN2 
follows very closely the NNW oriented gneissic foliations mapped by the mesoscale structure 
data, SRTM lineaments, and the aeromagnetic lineaments which are well aligned for the ENE-
WSW extension. The linkage of segments CN2 and CN3 are represented by a hard linkage with 
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low displacement, shallow SPI depth, and asymmetric displacement profiles. This linkage 
corresponds to a cross cutting magnetic lineament seen in the tilt derivative map, which possibly 
inhibited the fault development leading to the propagation of segments on either side (Figure 12). 
The linkage of CN2-3 is characteristic of Trudgill & Cartwright (1994) type fault linkage because 
both segments have large displacement and exhibit asymmetry towards the linkages zone.  
The northern segment of the Chirobwe-Ncheu Fault (CN3) also has high displacement 
shown by both the displacement profiles and the SPI (Figure 7; Figure 11). CN3 follows the 
gneissic fabrics with a NNW strike mapped with the mesoscale structure data, SRTM lineaments, 
and the aeromagnetic lineaments. The fault follows the basement fabric so closely that it curves 
from a NW to an E-W strike following a fold in the gneissic basement (Figure 14E).  This 
relationship suggests that the gneissic foliations localized strain leading to the development of a 
sub-parallel fault, which follows the gneissic foliations. In the north, the Chirobwe-Ncheu Fault 
interacts with a preexisting (Late Jurassic to Early Cretaceous) syeno-granitic pluton. The contact 
between the pluton and the gneiss localized the stress resulting in the fault to curve to the NE 
before terminating. 
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Figure 14: A closer look at regions shone on the left which highlight the role that inherited structures have 
played in influencing the development of the faults. The regions D, E, and F are shown on the left with an 
SRTM DEM and in the center as a tilt derivative. The column on the right is our structural interpretations 
of the regions where the red lineaments are derived from the SRTM DEM and the blue lineaments are from 
the tilt map. 
 
The Bilila-Mtakataka Fault  
The southernmost segment of the Bilila-Mtakataka Fault (BM1) is characterized by a 
segment with northward skewed displacement profile (Figure 7). The displacement is also 
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reflected in the SPI depths (Figure 11). In the south, the fault propagates parallel to the N-S 
striking gneissic fabric documented in the mesoscale structure data, SRTM lineaments, and the 
aeromagnetic lineaments. However, in the north the strike of BM1 crosscuts the magnetic 
lineaments instead zig-zagging between NNE and WSW strikes, which are subparallel to the 
gneissic foliations and regional joints, mapped by the mesoscale structure data and the SRTM 
lineaments. This suggests that the fault nucleated and propagated initially along the gneissic 
foliations. Figure 14D shows the linkage zone between segments BM1-2. The linkage is 
characterized by low displacement and shallow depths in the SPI. The asymmetry of BM1 and 
BM2 is suggestive that the segments are hard linked as expected in the Trudgill & Cartwright 
(1994) type fault linkage.  
The central segment BM2 has an asymmetric displacement profile skewed to the south, 
which is also represented in the SPI (Figure 7; Figure 11). In this area, the mesoscale structure 
data, SRTM lineaments, and the aeromagnetic lineaments show the NW striking gneissic foliation 
and the fault. The fault segment has a curved trace very similar to the curves of the gneissic 
foliation (Figure 14E). This relationship supports the idea that the fault nucleated and propagated 
along the gneissic foliation, which is perpendicular to the ENE-WSW extension. The linkage 
BM2-3 is represented by a point of low displacement and a change in fault strike (Figures 7 and 
14E).  
The displacement profile for BM3 is D shaped; therefore, the linkage of BM2-3 is a soft 
linkage between two distinct fault segments. The long length of BM3 with low displacement tips 
suggests that this segment grew quickly as predicted in the Walsh et al., (2003) type growth. This 
rapid growth is likely facilitated by the pervasive preexisting structures allowing for rapid 
establishment of the segments length. The northern segment of the Bilila-Mtakataka Fault (BM3) 
has a symmetric displacement profile. The fault has a jagged morphology and large variability of 
strike (Figure 14F). This segment cuts at high angle the gneissic foliations mapped with the 
31 
 
SRTM and aeromagnetic lineaments. The fault has a jagged morphology with an average NW 
strike. In this area, the regional jointing pattern has a WNW strike and the gneissic foliations have 
a NE strike. This presence of two prolific fabrics results in a zig-zag fault geometry as the fault 
propagated along both the reginal joints and the gneissic foliations, similar to the northern portion 
of  BM1 (Figure 14D). For this area the preexisting pervasive upper crustal fabric affects the 
orientation and geometry of BM3 causing the distinct morphology of this segment.  
 
The Influence of Structural Inheritance in the Upper Crust 
The orientation and location of Precambrian foliations, and regional joints suggest that 
both the segmentation and linkage of these two normal faults are controlled at least in part by the 
pervasive inherited structures. Our results show that the orientations of the Chirobwe-Ncheu and 
Bilila-Mtakataka faults resemble the orientations of the gneissic foliations and the regional joints. 
Faults in regions A and B show a close correlation with the gneissic foliations, suggesting that the 
faults are exploiting the gneissic foliations which localize the extension. Segments CN2, CN3, 
BM1, and BM2 show large displacement in both the displacement profiles and in the SPI depths 
representing well-developed fault segments. The strike of these segments also correlate to the 
strike of the gneissic foliations. Thus, for these segments, the faults nucleated and propagated 
along the foliations before linking. In contrast, the segments CN1 and BM3 show long faults with 
lower displacements when compared with the other segments. These segments where likely able 
to propagate due to the existence of pervasive upper crustal fabrics, similar to a Walsh el at. 
(2003) type fault growth. BM3 and the northern segment of BM1 show that a fault can make use 
of multiple structures (i.e. the reginal joints and gneissic foliations) as it propagates. The 
influence of pervasive oblique inherited structures yielding zig-zag fault geometry seen in BM3 
and parts of BM1 has been documented in the analog models of Henza et al. (2011) and 
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Chattopadhyay & Chakra (2013). The existence of preexisting pervasive upper crustal fabrics has 
affected the orientation and geometry of both the Chirobwe-Ncheu and Bilila-Mtakataka faults.  
The fault linkage is also affected by the pervasive upper crustal fabrics. In the linkage 
zone BM1-2, the fault segments are clearly propagating along the gneissic foliations and the 
linkage is then facilitated by the regional jointing pattern localizing the strain resulting from fault 
tip overlap. In this area, the N-S striking foliations are well oriented for activation by the rift 
faults while the less prolific E-W regional joint sets are well oriented to facilitate linkage between 
segments. Additionally, the linkage CN2-3 is the result of a cross cutting magnetic lineament, 
which may have prohibited the propagation of the segments and ultimately resulted in the 
formation of a linkage zone there. The linkage of BM2-3 is represented by the fault transitioning 
for propagation along the gneissic foliations to propagation using both the regional joints and 
gneissic foliations.  
Thus, the effect of inherited structures can be described as faults exploiting two prolific 
fabrics: the gneissic foliations facilitate propagation of fault segments, and the joint sets to enable 
linkage between these segments.  This relationship between faulting and the pervasive fabrics 
provides an explanation for the resulting morphology of the fault and for the geometry of the 
linage zones following the fault growth model of Trudgill & Cartwright (1994). Consequently, 
we suggest that pervasive upper crustal fabrics have allowed for the rapid development for fault 
segments according to the Walsh el at. (2003) model or to facilitate linkage according to the 
Trudgill & Cartwright (1994) model.  
 
Model of Fault Growth  
The pervasive inherited structures have modulated the stress field such that there was a 
rapid phase of tip propagation resulting in the development of three fault segments (BM1, 2, 3 
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and CN1, 2, 3). After which the fault segments experienced slower fault growth typical of the 
establishment of hard linkage (CN2-3 and BM 1-2). This evolution of dual phase fault growth has 
been reliant on the pervasive fabrics oriented both perpendicular and parallel to the minimum 
compressive stress. Therefore, we suggest that the inherited structures have allowed for the initial 
development of Walsh el at. (2003) type segments before transitioning to the Trudgill and 
Cartwright (1994) type fault segments. In areas with prolific upper crustal inherited structures, 
these structures are likely to exert an influence on the nucleation and propagation of faults. In this 
study, the diversity of inherited structures has allowed the faults to exploit them for either fault 
propagation or segment linkage.  
 
Figure 15: Comparison of fault growth models of Walsh et al. (2003), Trudgill & Cartwright (1994) and 
this study. The center model shows how inherited structures facilitate an intermediate type of segment 
growth and propagation. In this model the normal faulting is represented in red. The dark black lines 
perpendicular to extension represent pervasive upper crustal inherited structures well oriented for the 
development of normal faults.  The lines parallel to extension are representative of pervasive upper crustal 
structures poorly oriented for extension but well oriented for linkage between segments. As the fault 
segments grow they use both inherited structures to facilitate rapid tip propagation with minimal 
displacement. Then the segments use the inherited structures parallel to extension to link between 
segments. This results in a continuous fault with a zig-zag morphology. The inherited structures allow the 
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fault to grow quickly as expected in the Walsh et al. (2003) model and the development of independent 
segments of the Trudgill & Cartwright (1994) model. 
 
In our study area, the inherited structures control the location and orientation of the fault 
segments and the geometry of the linkage zones. We thus, propose a model to demonstrate this 
relationship. The conceptual model of Figure 15 shows how fault segments in a region of upper 
crustal pervasive preexisting fabrics are able to utilize the multiple structures during its growth 
and evolution. In our model the faults nucleate and propagate along the inherited structures 
perpendicular to the extension direction allowing for the rapid establishment of the fault segments 
expected by the Walsh et al. (2003) type fault growth and demonstrated by Patton (2006). Then 
the fault segments interact and become hard linked producing a continuous fault scarp 
representing Trudgill and Cartwright (1994) type fault growth. The resulting fault scarp reflects 
the geometry of the preexisting structures used in its development. This process reflects both the 
geometry of the fault morphology and the preexisting geology of our study area in Malawi.  
 
Implications for Seismic Hazards 
The northern segment (BM3) of the Bilila-Mtakataka Fault may be the causative fault for 
the 6.3 Mb 1989 Salima earthquake. This relationship is possible if the fault has a dip of 54° to 
56° for the seismic event located at a 29.6-30.3 km deep with a lateral distance of 20-22 km to the 
fault scarp. 
It is well known that the seismic potential is directly related to the geometry of the fault 
plane. Our study shows that the Chirobwe-Ncheu and Bilila-Mtakataka faults have 102 km and 
159 km lengths measured along the fault scarp, respectively. For a region with known seismicity 
at 30-40 km depths these faults pose a major risk to the surrounding communities, if the faults 
where the rupture in a single event. However, the segmentation of the faults documented by this 
research show that the faults are only linked by soft linkage for the segments CN1-CN2 and 
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BM2-BM3. Thus, the seismic hazard is lessoned due to effective fault lengths of 78 km and 90 
km for the Chirobwe-Ncheu and Bilila-Mtakataka faults respectively. Additionally, the faults are 
sub-perpendicular and thus, may simultaneously act to accommodate the strain, which would 
effectively reduce the seismic recurrence interval and the seismic hazard predicted for the region.  
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CHAPTER VI 
 
 
CONCLUSION 
 
We used SRTM-DEM and high resolution aeromagnetic data to map the fault 
segmentation and pervasive upper crustal fabrics in the region of the Chirobwe-Ncheu and Bilila-
Mtakataka faults of the southern Malawi Rift. Our results suggest that the development and 
evolution of these > 100 km long faults are controlled in part by the orientation of the upper 
crustal pervasive preexisting fabrics. The segmentation and fault lengths established by this study 
have important implication for the seismic hazard of the region. In this area, the gneissic fabrics 
control the orientation and location of the fault segments where the foliation is perpendicular to 
extension. Furthermore, the combination of the regional joints and the gneissic fabrics control the 
linkage geometry. The pervasive preexisting upper crustal fabrics due to strain localization have 
resulted in the formation of two faults exhibiting characteristics of both the Walsh et al., (2003) 
and the Trudgill & Cartwright, (1994) fault growth models. 
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APPENDICES 
 
 
Data Set Sample 
Size 
Mean 
Direction 
Mean 
Length 
Circular 
Variance 
kappa 
Region C SRTM 
Lineaments 
179 
327.1° ± 
45.0° 
0.0517 0.9483 0.1001 
Region B SRTM 
Lineaments 
313 286.1° ± 6.5° 0.4439 0.5561 0.9821 
Region A SRTM 
Lineaments 
99 
347.7° ± 
17.2° 
0.2376 0.7624 0.4727 
Region C Aeromagnetic 
Lineaments 
46 030.9° ± 6.8° 0.7213 0.2787 2.1436 
Region B Aeromagnetic 
Lineaments 
28 
325.4° ± 
14.8° 
0.4847 0.5153 1.0979 
Region A Aeromagnetic 
Lineaments 
69 
328.9° ± 
11.6° 
0.4043 0.5957 0.7213 
Region C Chirobwe-
Ncheu 
149 010.4° ± 3.1° 0.8005 0.1995 2.8713 
Region B Chirobwe-
Ncheu 
1031 343.4° ± 0.9° 0.8941 0.1059 4.8587 
Region A Chirobwe-
Ncheu 
1349 347.4° ± 0.9° 0.855 0.145 3.6804 
Region C Bilila-
Mtakataka 
1879 335.4° ± 0.8° 0.82 0.18 3.1426 
Region B Bilila-
Mtakataka 
906 340.8° ± 0.7° 0.9401 0.599 8.6104 
Region A Bilila-
Mtakataka 
1388 319.6° ± 0.7° 0.8999 0.1001 4.8587 
 
Table 1: The statistical information for regions A, B, and C of the SRTM and aeromagnetic derived data 
and the fault strike data.  
 
50 
 
Begin 
Figure A1: a map showing a high resolution DEM generated using Structure form Motion techniques. The 
ridge follows the same strike as the foliations mapped by our meso-scale field work. 
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